Overlimiting current (OLC) through electrolytes interfaced with perm-selective membranes has been extensively researched in recent years for understanding the fundamental mechanisms of transport and developing efficient applications from electrochemistry to sample analysis and separation. Predominant mechanisms responsible for OLC include surface conduction, convection by electro-osmotic flow, and electro-osmotic instability depending on input parameters such as surface charge and geometric constrictions. This work studies how a network of microchannels in a non-uniform array, which mimicks a natural pore configuration, can contribute to OLC. To this end, micro/nanofluidic devices are fabricated with arrays of parallel microchannels with non-uniform size distributions. All cases maintain the same surface and bulk conduction to allow probing the sensitivity only by the non-uniformity of the channels.
Electrokinetics is the study of fluid and particle motions that was first reported in 1809 showing fluid migrates through the narrow spaces between naturally packed soil under the application of electric field [1, 2] (Figure 1(a) ). Moving forward 200 years, advancement in understanding of these phenomena has attracted significant attention because of various technological applications in environmental [3] [4] [5] [6] , biomedical [7, 8] and energy related [9, 10] research field.
Especially, the perm-selectivity of nanostructures, associated with electrical double layer overlap, has accelerated the fundamental study of nanoscale electrokinetics [11] [12] [13] and facilitated new engineering applications including heavy metal removal [14] , water purification [4, [15] [16] [17] [18] , biomolecular separation [19] [20] [21] and efficient batteries [22] . In these applications, micro/nanostructures are fabricated in the form of simplified uniform geometries [23] [24] [25] to allow the precise characterization of manufacturing a system and performance of it. However, restricting the fabrication to uniform structures may result in the loss of benefits that otherwise exists due to randomness in natural micro/nanostructures. Recently developed numerical simulations [26] [27] [28] demonstrate that the non-uniformity of micro/nanostructure leads to an unexpected internal recirculating flow that has not been observed in uniform arrays of microchannels. The recirculating flow could significantly enhance ionic current because it can bring distant conductive electrolyte to the membrane and thereby open new current pathways across the ion depletion zone [29] [30] [31] formed near the membrane. The resulting excess current is directly associated with an overlimiting conductance (OLC). OLC, which has also been observed in regular and uniform structures, [32, 33] always requires a mechanism that promotes transport beyond the classical diffusion-drift based Nernst-Planck equation [1] . Previous studies propose that (i) surface conduction (SC) [33] [34] [35] , (ii) electroosmotic flow (EOF) [12, 36, 37] and (iii) electroconvective instability (EOI) [38] [39] [40] are the main contributors of OLC as function of characteristic length scale and surface charge [33, 41] . However, all of these mechanisms consider single-compartmental geometries, such as a channel or a pore without considering the possibility of network effects through multiple connected pores or channels. In an experimental study by Deng et al [42] , the possibility of OLC enhancement due to flow loops through connected pores was hypothesized but such mechanism was not visually demonstrated. This work provides the first quantitative evidences of OLC enhancement by the critical role of channel network effects.
Here we investigate the effects using a micro/nanofluidic platform shown in Figure 1 [43, 44] . To keep the surface and bulk conduction as constant, hw and hn have been designed so that all configurations have the same perimeter (l = 2(hw+hn+2d)) and cross-sectional area (A = d(hw+hn)) in an unit array of microchannels as shown in Figure 1 (c). In this way, we can isolate the contribution of recirculating flow from other driving mechanisms of OLC initiation. In the regimes considered here, EOI has negligible effects since all of the characteristic length scale of this device was ~ 10 m [33, 35] . If the pore size increases over 150 m, the major driving mechanism would be changed to EOI. Then the recirculating flow would vanish because the instability destroys an induced back flow. At the large scale the results are limited by emergence of electroconvection [45] and/or gravitational effects [46] . If the pore size is reduced to SC regime, the experimental demonstration become impossible because of extremely long experimental time and no uncharged tracer inside a microchannel of few microns. At this smaller scale the validity is limited by regimes involving double layer overlap (i.e. scales down to 100 nm in cross section).
Also there is no induced back flow in SC regime, since all of convection is largely eliminated [35] .
The first basic results are the voltage-current relation in a device filled with 1 mM KCl. The external voltage increases from 0 V to 8 V at 0.2 V/sec. As shown in Figure 2 , the device has recognizable Ohmic, limiting and overlimiting current behavior as a function of the pairs of (hw, hn). All current values overlap in Ohmic region since the bulk conduction is kept constant.
Compared to the uniform case (7.5 m, 7.5 m), OLCs significantly increase in non-uniform cases. Such elevations are strongly attributed to the recirculating flow.
To explain this measurement quantitatively, we consider the unit array of the non-uniform pair shown in Figure 3 (a). When an electric field is applied to the domain, electro-osmotic flows [2] generate in each channel with the flow rate of ( )
where ε is the dielectric constant of the electrolyte solution,  is zeta potential, E is the electric field, hi is width of the microchannel, d is depth of the microchannel, and μ is the viscosity of the fluid. Also, there would be pressure build up (P) at the end of microchannel so that pressure-driven flow was induced to the opposite direction to the electroosmotic flow with the flow rate [47] 
where f(hi) can be obtained by solving the steady Stokes equations in rectangular coordinate based on high-precision numerical solutions. The numerical values of the friction factors are given in the supporting information. Specifically, the pressure gradient will adjust itself such that the recirculating flow due to pressure and electroosmosis combined in both channels becomes zero, given the dead-end condition at the membrane interface. As a result, a net recirculating flow is formed in a loop, whose flow rate is given More importantly, Qrecs measured by these equations and theoretical Qrec match well as shown in Figure 4(c) . As similar as plot of OLC (Figure 3(b) ), Qrec also has a similar trend. Although there is a slight difference between the theoretically obtained maximum hw and the experimentally obtained maximum hw, Qrec increases with increasing non-uniformity up to a certain point and then Qrec decreases with decreasing non-uniformity. Note that the values of Qrec in Figure 4 Based on the I-V measurements (Figure 2 ) and the flow visualizations (Figure 4(a) ), we can confirm that the recirculating flow from induced-pressure let additional ion carrier transport through the membrane so that OLC significantly enhances. Consequently, we prove geometric non-uniformity causing recirculating flow as a new mechanism driving OLC in configurations involving perm-selective ion transport. In contrast to the EOI mechanism, where additional current paths are formed randomly [50] [51] [52] [53] [54] [55] [56] , here the paths are regularly generated with flow in narrow channels always moving towards the membrane and in wide channels moving away from it. Thus, the present arrangements of microchannels would enhance OLC in more controllable manner than that of EOI. In addition, one may extract a scaling law between geometric non-uniformity and OLC, if one can setup a proper measure of the non-uniformity.
One example of modifying non-uniformity is implemented by fabricating repeated wide or narrow channels indicated as w and n shown in Figure 4 
